The local structural arrangement of the amorphous alloy system Al 45 Ni 50 Co 5 , subject to uniaxial tensile strain, was investigated using molecular dynamics simulation. The amorphous phase of the alloy system did not change in the process. The degree of icosahedral order quanti ed by the Honeycutt-Andersen structural type, 1551, plays an important role in the formation and expansion of the shear transition zones in this amorphous system. The structural types 1551, 1441, and 1661 are found to evolve during the deformation process.
Introduction
In the past years, theoretical and experimental studies to understand mechanical behavior of amorphous alloys have received considerable attention 1, 2) . An amorphous alloy has a disordered structure and so it requires non-equilibrium processing for fabrication. The disordered structure of amorphous alloys is very different from crystalline materials, and therefore amorphous alloys have special mechanical properties, such as, better resistance to wear and corrosion, high room temperature strength compared to polycrystalline alloys of identical composition 1, 2) . Normally, amorphous alloys are multi-component systems, composed of two or three constituent elements. The complexity of the system and its components can hinder elucidation of the fundamental principles and mechanisms underlying the formation of different kinds of local atomic structures. Further, dif culties in experimental techniques to analyze the evolution of local structural changes during deformation of amorphous alloys have stimulated deep interests in physics based computer simulations to unravel the microscopic origins of mechanical properties [3] [4] [5] [6] [7] . Tensile deformation of amorphous alloys can be modeled by computer simulations 6, 8) . Uniaxial tensile loading can effect large changes in atomic spacing and chemical bonding patterns, providing a powerful technique to probe amorphous alloys. Although some recent works have revealed the variables that affect amorphous systems of different elemental compositions [9] [10] [11] [12] , the relation between local structure and uniaxial tensile strain for ternary amorphous alloys is only seldom reported 13) .
In this study, we use molecular dynamics (MD) simulations to characterize the local structural atomic arrangements of the amorphous alloy, Al 45 Ni 50 Co 5 , subject to uniaxial tensile strain ramp. The structural properties are analyzed by the radial distribution functions (RDF) and the Honeycutt-Andersen (HA) method [14] [15] [16] [17] . The Al-Ni-Co alloy is chosen because this ternary system endows superior properties that are appropriate for high performance applications such as superalloy and ferromagnetic shape memory alloys 18, 19) .
Simulation Method
The MD simulation was performed on the Al 45 Ni 50 Co 5 system containing 12000 atoms (5400Al, 6000Ni and 600Co) in a cubic box with the period boundary condition. The face center cubic (fcc) lattice was constructed with lattice constants set to 4 Å. The orientations of x, y and z dimensions were set to [001], [010] and [001], respectively. All the atoms were randomly assigned on the lattice sites. The Finnis-Sinclair embedded atom method (FSEAM) was selected for the interatomic interaction potential 15) . Newton s equation of motion was integrated using the Verlet algorithm with a time step of 0.001 ps. To obtain the room temperature con guration of the amorphous alloy, the system was melted at 2500 K under constant pressure and temperature (NPT ensemble), relaxed for 20 ps, and then quenched to 300 K. Uniaxial tension was applied in the microcanonical ensemble under a constant strain rate of 1 × 10 3 m/s along the x-direction until the system failed. Stress-strain responses were computed and local ordering analyzed using RDFs and the HA method for different magnitudes of strain. Local atomic shear strain was computed to visualize the patterns of atomic rearrangements during uniaxial tension. Figure 1 shows the stress-strain response curve of the amorphous Al 45 Ni 50 Co 5 alloy under uniaxial tensile strain from MD simulations. The tensile stress is calculated using methods from Refs. 8) and 16). The inset shows the simulation snapshots of the system under variation of strain from 0 to 40 percent. Stress increased linearly with strain from 0 to 20 percent, and beyond this stage of elastic deformation, the curve deviated from its initial linearity. Upon exceeding the critical strength of 13.64 GPa, which occurred at 23 percent strain, the alloy exhibited a sustained decrease in strength, indicating spontaneous shear localization and onset of fracture. Notably, necking was observed at 40 percent strain; see inset of Fig. 1 .
Results and Discussions
The RDF, g(r), describes the probability of nding an atom in the spherical shell that has a radius, r, and a center posi-tioned on another atom. Differences in RDF patterns of liquids and solids, both amorphous and crystalline, can be used to identify the short and long ranged order of the atomic structure of materials. The position and intensity of the peaks provide insights about the local structure. Figure 2 shows the RDFs of the simulated Al 45 Ni 50 Co 5 alloy subject to uniaxial tensile strain. The two vertical dashed lines show the distances of a pair of atoms that are nearest neighbors ( rst peak) and second nearest neighbors (the split in the second peak), respectively, in the absence of strain. The split in the second peak is the evidence of the amorphous phase, 16, 17) and can be observed in all the curves. This implies that the structure remained amorphous during the entire tensile process. With increased strains, the intensities of the two peaks increased and their positions shifted towards smaller distances. This result indicates that tensile deformation increases the packing density of the local structure.
To investigate the local structural arrangement of atoms at different strains, we apply the HA method. The HA structural pairs use a sequence of four integers, (ijkl), to classify the local structure. For example, the HA index 1551 represents a pair of root atoms with ve (j) common neighbors that have ve (k) bonds forming a pentagon of nearest neighbor contact. The set of all bonded atom pairs of type 1551 have vefold symmetry, and the ratio of the number of 1551 bonded pairs and the total number of bonded pairs gives a measure of the degree of ideal icosahedral (ICOS) order. The body center cubic (bcc) structure is represented by the HA indices 1441 and 1661. The fcc structure has the type 1421, and hcp has the types 1421 and 1422. Amorphous and glassy structures additionally populate the indices 1551, 1541, and 1431. Figure 3 shows strain dependent fractions, expressed in percentage, the different HA types of Al 40 Ni 50 Co 5 extracted from simulation. HA types that occur less than 2 percent of the total number of atom pairs are ignored. It is clear that the type 1551 is dominant (that is nearly 50 percent of all bonded pair of atoms in the system belong to the type 1551) during the entire duration of the tensile process, indicating deformation does not change the amorphous phase of the system, which agrees with our inference from the RDF curves mentioned above. The population of the 1551 structural type decreases as strain increases from 0 to 40 percent. The inset of Fig. 1 shows necking at 40 percent strain, indicating a turning point in the tensile process. The result demonstrates that the degree of ICOS order decreases just before fracture begins to appear, in agreement with previous studies 14) . After that, the degree of ICOS order increases indicating that the fracture offers free volume for forming new pairs of the type 1551. The relative numbers of atomic pairs of the 1441 and 1661 types that correspond to the bcc crystal structure reaches a low percentage. The fraction of pairs of the 1441 type remains the same during the tensile process; however, the strain dependence of the pairs of 1661 type has the same variation in pro le as the 1551 type. The total number of pairs of all HA types decreases during the tensile process. Although the 1561 type reaches a very low percentage, the atomic pairs belonging to this class deserve further study due to the possibility of reversible transitions between the structural types 1551 and 1561. If the two outer atoms of the 1551 type form an additional bond, previous bonds remaining intact, then the 1551 structure is transformed to the 1561 type. Conversely, if the new bond is broken and the old bonds are still not broken, then the 1561 type is transformed to the 1551 type. Thus, the can be found in Refs. 4, 13, 20) . Put simply, its calculation requires two atomic con gurations, one current, and the other reference. A large value of η
Mises i
indicates that the atom i is under local plastic and shear deformation, whereas a small value of η
implies that the atom i is under local elastic deformation. Figure 4 shows the snapshots of the microscopic strain eld η nucleate cracks that ultimately culminate to cause fracture; see Fig. 4 (d) and (e).
To understand local structural rearrangements in STZs during uniaxial tension, the subset of atoms with η Mises i > 0.2 were ltered for the system at a macroscopic strain of 20 percent. The numbers of Al, Ni, and Co atoms in the subset were 359, 380 and 30, respectively, and their total number was about 6.4 percent of all the atoms in the system. To investigate the local structural changes in the STZs, the variations of the fraction of bonded atomic pairs belonging to the different HA types of the ltered atoms are plotted with strain; see Fig. 5 . It is clear that certain structural types of atomic pairs are more common than those observed in Fig. 3 . However, entirely new structural types could not be seen. Deformation of pre-existing types can generate structural diversity through transformations, such as, 1441 to 1451; 1551 to 1561, and 1551 to 1571; 1661 to 1671, and 1661 to 1681. The reason is that concentration of large local plastic and shear strain in the STZs leads to more disorder in the local structure.
For a comparative analysis of the local structural changes in the STZs and whole system, we categorize the atom pairs into two groups: one, representing the icosahedral order that include types 1551, 1561 and 1571; and two, representing the bcc crystal structure that include types 1441 and 1451; 1661, 1671, and 1681, as shown in Fig. 6 . The number of pairs of icosahedral types is greater than those of the bcc crystal structure, for both the STZs and the system. However, the number of ICOS pairs present in the STZs is much lower than in the total system. This result shows that ICOS pairs are broken in the STZs. In other words, these zones have fragile ICOS pairs, which suggest that ICOS pairs play an important role in determining the kinetics and energetics of tensile deformation of amorphous alloys. The STZs tend to initiate at regions of high fractions of ICOS pairs, and as these pairs diminish with increasing strain, the STZs expand in size to culminate into fracture.
Conclusion
In this study, we have performed molecular dynamics simulation to study the local structural arrangements in the amorphous phase of the alloy Al 45 Ni 50 Co 5 , under uniaxial tensile strain ramp. We analyze the structural changes by employing the radial distribution function, the Honeycutt-Andersen method, and computing the magnitudes of local atomic shear strain. The results are summarized as follows:
(1) The stress-strain pro le shows three stages. In the rst stage, stress increases linearly; in the second stage, stress increases non-linearly until the maximal value is reached; and in the third stage, stress decreases until fracture. As tensile deformation progresses, though the RDFs show that the amorphous phase is retained, the atomic structure becomes more closely packed.
(2) The amorphous alloy under uniaxial tension has a greater number of atomic pairs of the icosahedral structural type (1551) than of the bcc crystal types (1441, 1661). Before necking, the number of pairs of the 1551 type decreases, and after the onset of necking, the number of pairs increases. The local structural types 1561 and 1671 emerge from deformation of the types 1551 and 1661, respectively.
(3) In the shear transition zones (STZs), deformation pairs of types 1551, 1441, and 1661 emerge. Large fractions of atomic pairs of the type 1551 play a critical role in the formation and expansion of the STZs until fracture.
